ABSTRACT Delta-opioid receptors (DOR) are present in the superficial dorsal horn and are believed to regulate the release of small afferent transmitters as evidenced by the effects of spinally delivered delta-opioid preferring peptides. Here we examined the effects
Introduction
After initial pharmacological characterization of the deltaopioid receptor (DOR) and its pharmacological distinction from the classic mu-opioid receptor (MOR) (Hughes et al., 1975) , it was shown that intrathecal enkephalins yielded a potent analgesia (Yaksh et al., 1977 (Yaksh et al., , 1978 . Metabolicallystabilized peptide-based agonists given spinally had a potent analgesic effect in rodents, primates (Tung and Yaksh, 1982; Yaksh, 1983) , and humans (Onofrio and Yaksh, 1983; Moulin et al., 1985; Krames et al., 1986) . Based on differential sensitivity of the intrathecal agonists to naloxone antagonism and minimal cross-tolerance with morphine, we suggested a distinct role for DORs in spinal nociceptive modulation (Tung and Yaksh, 1982) . Subsequent advances further supported the role of spinal DORs: 1) spinal actions were demonstrated by yet more selective cyclic peptides [e.g., with DOR/MOR potency ratios often in excess of several 100-fold, depending upon the assays (Leslie, 1987; Kramer et al., 1993; Calderon et al., 1994) ; 2) the distinction of DOR from MOR agonists was supported by development of antagonists such as naltrindole (Granier et al., 2012) , which reverses DOR agonists at doses that have no effect upon MOR agonist actions (Drower et al., 1991; Malmberg and Yaksh, 1992; Tiseo and Yaksh, 1993; Craft et al., 1995; Yaksh et al., 1995) .
Mechanistically, MOR and DOR agonists decrease opening of voltage-sensitive calcium channels, preventing mobilization of terminal neurotransmitter (Soldo and Moises, 1998; Law et al., 2000) . The hypothesized presynaptic localization on sensory nociceptors suggests that these agents block neurotransmitter release from C fibers. Earlier studies with the selective peptidic DOR ligand [D-Pen2, L-Pen5]-enkephalin showed that its intrathecal delivery in vivo diminished substance P (SP) release evoked by the transient receptor potential cation channel subfamily V member 1 agonist capsaicin (Aimone and Yaksh, 1989) , a finding supported by subsequent work showing that a DOR peptide blocked voltagedependent calcium currents in rat dorsal root ganglion neurons in a naltrindole-sensitive fashion (Acosta and Lopez, 1999) . More recently, however, Scherrer and colleagues (2009) in anatomic studies reported in mice that MOR are present on IB4-negative, peptidergic afferents and DOR are on IB4-positive, non-peptidergic afferents. Such an observation would argue that spinal DOR activation would not affect release from peptidergic afferents. However, both mRNA and protein of DOR were detected in peptidergic nociceptors in mice (Mennicken et al., 2003; Wang et al., 2010) . Moreover, local intradermal SNC80 inhibited nerve growth factor-induced hyperalgesia in rats lacking nonpeptidergic (e.g., IB41) nociceptors, thus arguing that DORs, at least at the peripheral terminal, may function to regulate peptidergic afferent excitability (Joseph and Levine, 2010) . These conflicting findings led us to revisit the effects of spinal DOR agonists on transmitter release from peptidergic afferents. Here, we systematically examined the effects of the nonpeptide delta-opioid agonist SNC80 on nociceptive behavior and, using internalization of the NK1 receptor, we assessed in parallel the effects of IT SNC80 on SP release. We observed that IT SNC80 produced significant antinociception and prevented intraplantar formalin-evoked SP release, all in a manner reversed by naltrindole. These results support the role of DOR in regulating small peptidergic afferent terminal excitability in the rat.
Materials and Methods

Animals
Male Holtzman Sprague-Dawley rats (250-300 g; Harlan, Indianapolis, IN) were individually housed in standard cages and maintained on a 12-hour light/dark cycle (lights on at 7:00 AM). Testing occurred during the light cycle. Food and water were available ad libitum. Animal care was in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health publication 85-23, Bethesda, MD) and as approved by the Institutional Animal Care and Use Committee of the University of California (San Diego, CA). A total of 100 rats was used.
Intrathecal Catheter Implantation
Rats were implanted with a single intrathecal catheter for drug delivery, as described previously (Yaksh and Rudy, 1976; Malkmus and Yaksh, 2004) . In brief, rats were anesthetized by induction with 4% isoflurane in a room air/oxygen mixture (1:1), the anesthesia was maintained with 2% isoflurane delivery by mask, and the animal was placed in a head holder. The cisternal membrane was exposed through a midline incision and a polyethylene (outer diameter 0.36 mm) catheter was passed into the intrathecal space to the level of the L 2 -L 3 spinal segments (8.5 cm). The catheter was externalized on the top of the head. Rats were given carprofen (5 mg/kg, in lactated Ringer's solution) subcutaneously and allowed to recover under a heat lamp. Rats exhibiting motor weakness or signs of paresis were killed. Animals were allowed to recover for 5 to 7 days before the experiment.
Drug, Antibody, and Materials SNC80, CTOP, and naltrindole were purchased from SigmaAldrich (St. Louis, MO). SNC80 and CTOP were dissolved in 20% dimethyl sulfoxide, 0.1 N HCl. Naltrindole was dissolved in saline. SNC80, vehicle, or CTOP was administered intrathecally in a volume of 10 ml followed by a 10 ml saline flush. Naltrindole was administered (1 ml i.p.) 20 minutes before SNC80 or vehicle. The rabbit anti-NK1 receptor polyclonal antibody was purchased from the Advanced Targeting Systems (San Diego, CA). Secondary Alexa 488-conjugated antibody was purchased from Invitrogen (Carlsbad, CA). Prolong mounting medium was from Thermo Fisher Scientific (Pittsburgh, PA).
Behavior Thermal Escape Latency. After an initial acclimation, the thermal escape latency was determined using a Hargreaves type thermal escape testing system (Dirig et al., 1997) . In the absence of a response at 20 seconds, the stimulus was terminated, and that latency was assigned. Data were collected before and at 15, 30, 60, 90, and 120 minutes after the intrathecal injection. Each time point presents the average of the left and right paw withdrawal latency in seconds of the group.
Carrageenan-Evoked Thermal Hyperalgesia and Tactile Allodynia. Under light anesthesia (isoflurane), rats were injected with 100 ml of l-carrageenan (2%; Nacalai Tesque Inc., Kyoto, Japan) in the plantar surface of the left hindpaw. Thermal latency of each paw was determined as described above. Withdrawal threshold to a mechanical stimulus was assessed using von Frey filaments applied though a wire mesh grid following the "up down" protocol (Chaplan et al., 1994) . Intrathecal SNC80 or vehicle was injected at 60 minutes after carrageenan. In antagonist study, rats were given naltrindole (3 mg/kg i.p.) 20 minutes before intrathecal SNC80. The size of the injected paw was measured before carrageenan and after testing at 4 hours. Rats were killed after testing.
Formalin-Induced Paw Flinching. Animals were allowed to acclimate in individual Plexiglas chambers for 30 minutes before experimental manipulation. Rats were administered intrathecal vehicle or agonist 10 minutes before the formalin injection. Flinching was evoked by a subcutaneous injection of formalin (5%, 50 ml) into the dorsal side of left hindpaw. A soft metal band was placed around the hindpaw being injected, and flinching and shaking of the injected paw was quantified by an automatic device (Department of Anesthesiology, University of California, San Diego) (Yaksh et al., 2001) . Flinches were counted in 1-minute intervals for 60 minutes. Animals were then killed.
Motor Function Evaluation. Effects of intrathecal agents on motor function were assessed for arousal (response to a hand clap), righting reflex, and placing/stepping reflex (Malmberg and Yaksh, 1994) .
Measurement of Dorsal Horn Substance P Release
The release of substance P from spinal sensory afferent was quantified by examining the percentage of NK1 receptor-bearing neurons in the ipsilateral and contralalateral superficial dorsal horns that displayed internalization of the NK1 receptor. In this experiment, the rats received formalin (5%, 50 ml) in the dorsum of one hindpaw. Ten minutes after the injection, the animals were perfused with 4% paraformaldehyde. In the exogenous SP-induced NK1R internalization experiment, rats were injected with intrathecal SP (30 nmol) or saline and perfused 30 minutes later. The lumbar block of the spinal cord was removed and postfixed in 4% paraformaldehyde overnight. After cryoprotection in 30% sucrose, coronal sections (30 mm) were cut on a cryostat (CM1800; Leica), mounted on slides, and prepared for fluorescent immunohistochemistry. In brief, sections were incubated with rabbit anti-NK1R polyclonal antibody (1:3000 in phosphate-buffered saline containing 3% normal goat serum and 0.3% Triton X-100) overnight at room temperature. After rinsing in phosphate-buffered saline, sections were incubated for 120 minutes at room temperature in a goat anti-rabbit secondary antibody conjugated with Alexa Fluor 488 (1:1000). All sections were finally rinsed and placed under a coverslip with ProLong mounting medium. The incidence of NK1R internalization was counted under a fluorescence microscope (Olympus Optical, Tokyo, Japan) equipped with a 60Â oil-immersion objective lens according to the standard of previous reports (Mantyh et al., 1995; Abbadie et al., 1997; Nazarian et al., 2008) . Neuronal profiles that had 10 or more NK1R-labeled endosomes were considered positive for NK1R internalization. The total number of NK1R immunoreactive neurons in lamina І/II, with and without NK1R internalization, was counted and taken to calculate the fraction of cells showing internalization. Counting was carried out without knowledge of treatments. Mean counts from three to five Spinal Action of SNC80 sections per segment were used as representative counts for a given animal. Images were taken using Magna FIRE SP and processed by Adobe Photoshop CS4.
Treatment Paradigm
There were three sets of experiments:
1. Effects of intrathecal SNC80 or its vehicle on acute thermal threshold, carrageenan-evoked tactile allodynia, and formalinevoked flinching alone or in the presence of systemically delivered naltrindole. 2. Effects of intrathecal SNC80 or its vehicle upon the NK1R internalization after intraplantar formalin when given alone or with a naltrindole pretreatment. 3. Effects of intrathecal SNC80 on NK1R internalization induced by exogenous substance P (e.g., in the absence of afferent stimulation).
Statistical Analysis
Changes in formalin-induced paw-flinching behavior in phases I and II was analyzed using one-way ANOVA followed by Tukey's post hoc analysis. Carrageenan data were analyzed by two-way ANOVA. The analysis for NK1R internalization data consisted of t test or oneway ANOVA. In all analysis, probability to detect the difference was set at the 5% level (P , 0.05).
Results
Tactile Allodynia Induced by Carrageenan. A continuous decrease in the tactile threshold of the ipsilateral paw was observed after intraplantar carrageenan injection. Intrathecal SNC80 at 60 minutes after carrageenan reversed the allodynia in a dose-dependent manner (Fig. 1A, P , 0.05) . In animals treated with 200 mg of SNC80, the paw withdrawal thresholds were significantly different from the vehicle control at 120, 150, and 180 minutes (Fig. 1A, P , 0.05) . A significant difference between 200 mg and the control group was also noted in the hyperalgesic index values that represent the degree of the allodynia (Fig. 1B, P , 0 .05). SNC80 (200 mg) did not produce significant analgesic effects in the acute thermal Hargreaves' test (Supplemental Fig. 1, A and B) nor did it reverse thermal hyperalgesia induced by carrageenan (Supplemental Fig. 2) .
Formalin-Induced Paw Flinches. The effects of intrathecal SNC80 (100 or 200 mg) or vehicle on formalin-induced paw flinches were shown in Fig. 2, A and B. SNC80 (200 mg but not 100 mg) significantly reduced the number of formalininduced paw flinches in phase 2 but not phase 1 compared with the vehicle control.
Formalin-Induced NK1 Receptor Internalization. NK1R immunoreactivity was typically observed outlining the cell membrane in many superficial dorsal horn neurons. Unilateral intraplantar injection of formalin (5%, 50 ml) produced a robust NK1R internalization in ipsilateral superficial dorsal horn (Fig. 3, A and D) but not in contralateral dorsal horn (Fig. 3, B and D) . Intrathecal SNC80 (200 mg) treatment resulted in a prominent reduction of formalinevoked NK1R internalization in the ipsilateral L 5 and L 6 spinal cord (Fig. 3 , C and E, P , 0.05).
SNC80 on NK1 Receptor Internalization Induced by Exogenous Substance P. To investigate whether SNC80 directly blocks NK1r internalization in postsynaptic spinal neurons, we induced NK1R internalization by exogenous substance P (30 nmol) by intrathecal administration. When examined 30 minutes after injection, substance P (30 nmol) produced widespread NK1R internalization at L 4 -L 6 levels of spinal cord in lamina І compared with intrathecal saline (Fig. 4A) . Intrathecal SNC80 at 200 mg, a dose that completely blocked formalin-induced NK1R internalization, did not alter the exogenous substance P-induced NK1R internalization when given 10 minutes before the substance P (Fig. 4B ). This result confirmed that SNC80 did not inhibit NK1R internalization directly. Rather, SNC80 blocked formalin-induced NK1R internalization by inhibiting SP release.
Naltrindole and CTOP on SNC80 Effects. Intraperitoneal administration of naltrindole (3 mg/kg), a selective DOR antagonist, significantly reversed the effect of SNC80 (200 mg) on carrageenan-induced tactile allodynia (Fig. 5A) . Naltrindole also significantly blocked the effect of SNC80 on formalin-induced paw flinches (Fig. 5B) . Furthermore, the effect of SNC80 on formalin-induced NK1R internalization was reversed by intraperitoneal naltrindole (Fig. 5C ). On the other hand, CTOP (10 mg), an MOR-selective antagonist, did not block the effects of SNC80 in the formalin flinching test (Supplemental Fig. 3 ). These data collectively suggest that the effects of intrathecal SNC80 are mainly mediated through DOR.
Discussion
Considerable evidence demonstrates the analgesic effects of intrathecally delivered DOR agonists. Here our major findings indicate that spinally administered SNC80, a nonpeptidic small molecule, resulted in the robust inhibition of the ipsilateral release of lumbar dorsal horn substance P otherwise evoked by the unilateral intraplantar injection of formalin into the hindpaw and was active at doses that reduced formalin-evoked flinching; both effects were reversed by naltrindole. SNC80 is one of the first highly selective, nonpeptidic, and systemically active delta agonists. It is 500-fold more selective for DOR than MOR based on in vivo and in vitro assays (Calderon et al., 1994; Bilsky et al., 1995) . Naltrindole is a selective DOR competitive antagonist (Granier et al., 2012) . Given that the predominant source of SP involved in the formalin-evoked internalization is the peptidergic transient receptor potential cation channel subfamily V member 1 (1) primary afferent , these observations emphasize that in the rat, DOR receptors exert a presynaptic effect upon on peptidergic terminals and are functionally coupled to regulate their excitability.
Effects of Intrathecal SNC80 on Presynaptic Substance P Release. Neurokinin 1 receptor (NK1R) is a target for substance P released from nociceptive peptidergic C fibers. Occupancy of NK1R leads to an internalization of the receptor, which serves as a quantitative indicator of primary afferent SP release (Mantyh et al., 1995; Mantyh, 2002; Marvizon et al., 2003) . (Gu et al., 2005; Kondo et al., 2005) with DOR preferring peptide DPDPE , deltorphin II (Beaudry et al., 2011) , and N-type calcium channel blockers (Takasusuki and Yaksh, 2011) . Several points emphasize that intrathecal SNC80 has a potent effect on C-fiber terminal release through DOR. 1) Intrathecal SNC80, at a dose altering formalin-evoked flinching, significantly inhibited NK1R internalization after intraplantar formalin.
2) The effects of SNC80 on NK1R internalization were reversed by naltrindole. 3) Intrathecal SNC80 had no effect on the internalization produced by exogenous SP, emphasizing that the change in formalinevoked internalization after SNC80 was not due to a direct effect on the internalization process. These results showing an effect of intrathecal SNC 80 on SP release differ from those expected from the report by Scherrer et al. (2009) . They reported that DOR is not expressed in peptidergic afferents in mice, which was in sharp contrast to a study by Riedl et al. (2009) . However, the current results with rats are consistent with the observations reported by Joseph and Levine (2010), also in rats. Importantly these results are also in agreement with work showing that DOR agonists can have a presynaptic effect upon glutamatergic excitatory postsynaptic currents in rats (Ikoma et al., 2007) and upon excitatory postsynaptic current evoked by TRPA1 agonists in rats (Wrigley et al., 
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2010) in superficial dorsal horn neurons. Our previous work showed that intrathecal DPDPE in vivo blocked SP release evoked by intrathecal capsaicin in rats (Aimone and Yaksh, 1989) . In addition, K 1 -evoked release of calcitonin generelated peptide was inhibited by deltorphin II in spinal cord synaptosomes (Riedl et al., 2009 ) and slice preparations . These studies collectively suggest that peptide and nonpeptide DOR agonists in rats suppress primary afferent terminal excitability.
Pre-Versus Postsynaptic Site of Action. Our work does not establish a presynaptic action inhibition as the sole mechanism underlying analgesia mediated by DOR. DORs are expressed in intrinsic spinal neurons (Wang and Wessendorf, 2001; Mennicken et al., 2003) in the dorsal horn, an area with high level expression of G protein-coupled inwardly rectifying potassium channels (Marker et al., 2004) . DOR agonists are known to increase the conductance of inwardly rectifying potassium channels (North et al., 1987; Ikeda et al., 1995) , which leads to hyperpolarization and inhibition of the neurons. Thus, analgesia mediated by intrathecal DOR agonists was attenuated in G protein-coupled inwardly rectifying potassium channel knockout mice (Marker et al., 2005) .
Effects of Intrathecal SNC80 on Facilitated Pain States. The involvement of spinal DOR in the regulation of pain behavior initiated by inflammatory insults is well established (Hong and Abbott, 1995; Hammond et al., 1998; Fraser et al., 2000; Gaveriaux-Ruff et al., 2008; Towett et al., 2009 ). Here we show that spinal SNC80 is effective in alleviating pain in two such models, carrageenan-induced allodynia and formalin-induced flinches. Intraplantar carrageenan induces profound local inflammation and persistent tactile and thermal hyperalgesia, in which both peripheral and central sensitization play roles. In the dorsal root ganglion, DOR is expressed in both large-diameter A fibers and smalldiameter nonpeptidergic C fibers (Scherrer et al., 2009; Wang et al., 2010) , two populations implicated in noxious mechanical nociception. In the present work, we observed a reversal of carrageenan-induced allodynia after intrathecal injection of SNC80, an effect blocked by naltrindole. This result suggests DOR activation attenuates central sensitization to a mechanical stimulus after peripheral injury. Paw formalin injection elicits biphasic flinching in experimental animals. Although phase I flinching behavior is considered to represent a direct nociceptive process, phase II has an important central sensitization component (Yaksh et al., 2001 ). Recently, it was shown that deltorphin-II, a DOR agonist, inhibited TRPA1-enhanced glutamatergic excitatory postsynaptic currents (Wrigley et al., 2010) . Interestingly, TRPA1 has been shown to mediate formalin-induced pain (McNamara et al., 2007) . Consistent with those findings, we observed a significant inhibition of phase II flinches with SNC80. It has been suggested that these actions of spinal DOR agonists are predominantly presynaptic (Cheng et al., 1995; Hammond et al., 1998; Abbadie et al., 2002) . The Lack of Effects by SNC80 on Thermal Nociception. Unexpectedly, we did not detect SNC80-mediated analgesia on acute thermal pain or carrageenan-induced thermal hyperalgesia as assessed by paw withdrawal latency at a dose as high as 200 mg (440 nmol). This is in contrast with several previous reports studying spinal SNC80 (Bilsky et al., 1995; Negus et al., 1998) . The result was puzzling given that SNC80 was indeed able to reduce SP release from peptidergic primary afferents, which are proposed to play a critical role in mediating thermal nociception. We believe that this discrepancy indicates neurotransmitter release from additional primary afferents other than DOR-expressing peptidergic nociceptors is needed for the expression of thermal pain in the particular tests, which warrants further studies.
In conclusion, intrathecal SNC80 demonstrated antinociceptive effects in several models of nociception and at similar doses blocked SP release from primary afferents in the superficial spinal dorsal horn, all though a naltrindolesensitive mechanism.
